Abstract-Due to the rapid depletion of traditional fossil energy resources the optimal utilization of renewable resources such as the solar energy becomes a leading task in power engineering. In recent years photovoltaic energy-linked technologies has reached major advances in order to achieve improved energy efficiency conversion rates. In this endeavor, a huge amount of high quality research effort is dedicated worldwide. This paper is focused to present the design and implementation steps of a LabView-based toolkit aimed to modeling and simulates solar photovoltaic (PV) cells in a wide range of operation conditions. By using its well known mathematical model, it has been conceived a versatile and userfriendly simulator well suitable to study and evaluate energy efficiency conversion processes. In order to maximize the energy conversion efficiency the maximum power point tracking (MPPT) algorithm has been implemented. The virtual instrument (VI) developed in the graphical programming language allows fast and convenient monitoring of PV cell output magnitudes and plots the I-U and P-U diagrams under different operation conditions. These curves have been compared then with the diagrams provided by the PV module manufacturer. The obtained results are in good agreement with the manufacturer's catalogue data.
I. INTRODUCTION
As it is well known, the important technological improvements reached mostly in the last decade in photovoltaic energy generation allow its widespread utilization in renewable energy applications. Solar energy is one of the most important renewable energy resources available abundantly on the earth. It is a theoretically inexhaustible and cheap source, while the electricity produced is clean (ecological) and silent. Nowadays the vast majority of solar energy resources are obtained by using photovoltaic systems that converts the solar light energy in electrical current during a process named photovoltaic effect. PV systems behave in an extraordinary and useful way: produce no pollution while producing electricity, are long lasting, no require fuels in their operation, can operate at moderate temperatures, has low noise, require little maintenance due to absence of any mechanical moving parts, have a rapid response, and can be made from silicon which is the second most abundant element in the earth's crust. Additionally, excepting the hybrid systems they contain no fluids or gases that can leak out and are completely eco-friendly [1, 2] . Last technological advances enable the PV cells utilization in a wide variety of applications ranging from microwatts order small scale remote applications to high power plants with megawatts of power. Therefore, they are also are recommended on decentralized or dispersed (on-site) installation, where the interconnection of high number PV cells strongly influences the global performances of the entire plant. In this sense a huge amount of worldwide research activity is dedicated to gain further improvement in solar cells cost, reliability and energetic efficiency [3, 4, 5, 6] .
However, beside their immense advantages they also exhibit several important limitations or disadvantages. One of these is linked with their limited energy conversion efficiency. Despite of the fact that PV cell devices are commercialized in a wide range of semiconductor material products (mostly with nonocrystalline or polycrystalline silicon substrates), even the most energy efficient monocrystalline PV cells do not exceed around 14-16% conversion rates [6] . One other disadvantage is that the output electrical magnitudes (voltage and current) of a PV cell strongly depend up on external environmental conditions. Such parameters are the solar irradiation intensity, environmental temperature (weather conditions), isolation, or the cell sun tracking angle if the module is not fixed. Therefore, any change in atmospheric conditions and fluctuation in nature has an important effect regarding the delivered output power of the solar cell, increasing or decreasing it significantly. Obviously, PV cell manufacturers provide datasheets for their modules measured in conditions referred as standard test conditions (STC). However, the STC conditions are difficult to meet in real operation state or rarely occur outdoors. So, the utility of these datasheets in demanding computations or energy evaluation calculus represents a controversial issue.
When the PV modules behaviors and energy efficiency are analyzed their I-U and P-U characteristics also should be considered. Both are strongly nonlinear and due to the complex relationships between the output current and voltage, respectively output power and voltage, it varies with the solar irradiation intensity and environmental temperature. Closely studying these curves it is possible to observe that is a single point in which the PV module delivers the maximum output power and operates with the highest energy efficiency.
In the related scientific literature this point is named as the Maximum Power Point (MPP). Therefore, in order to obtain the highest amount of energy quantity from a given cell it is essential to continuously track this maximum. A wide range of MPP tracking algorithms have been designed and implemented in international references [6, 7, 8, 9, 10, 11, 12] . Of course, there is not enough room to perform an exhaustive survey of all these high quality contributions (and also do not covers the scope of this paper). However, some of these will be referred and in discussed the followings to serve as an adequate theoretical background for designing and implementing a LabView-based simulator. The main scope of this development is to create an user-friendly and versatile toolkit to simulate PV modules energy efficiency in various operating conditions. Such a modeling and simulation program may become a useful research instrument to perform thorough PV cell efficiency investigations and to find other novel solutions regarding the MPP tracking problem.
II. PV CELL MATHEMATICAL MODEL
Theoretically, PV cells are devices which convert sunlight directly to electrical energy by generating a photovoltaic current within a thin layer of semiconductor structure embedding p-n junctions. In essence, when exposed to sunlight photons are absorbed by the semiconductor atoms, freeing electrons from the negative layer which flows then to the positive layer generating an electric current which is directly proportional to solar irradiation. Upon these main theoretical considerations accurate equivalent electrical circuit models has been developed in the related scientific literature [5, 6] . Perhaps the most used among these to predict energy production in PV cells is the circuit configuration shown in figure 1, where R s represents the equivalent series resistance and R p the parallel resistance. The above resistances are used because the PV cells are not ideal p-n junctions and have power losses. The R s resistance is very small and arises from the ohmic contact between the metal and semiconductor internal resistance, respectively the R p resistance is very large and represents the surface quality along the module's periphery. In ideal case, R s =0 and R p =∞ [8] . This model is a more practical one, which is widely used in studies and provides sufficient accuracy for most applications [5, 6, 7] . (1) where Iph represents the photovoltaic current generated by the incidence of light, I0 is the diode reverse bias saturation current [A], U is q= 1,6·10 -19 C is the electron charge, k=1,38·10 -23 J/K is the Bolzmann constant, n the diode ideality factor (n=2 for silicon diodes), and T is the temperature of the p-n junction (K). The equation (1) represents the I-U output characteristics of the solar PV cell.
The cell operating temperature T can be calculated as follows [7, 8] : (2) where T A represents the ambient temperature (K), G is the solar irradiance intensity (W/m 2 ), and T N is the nominal operating cell temperature (K) given in the manufacturer's datasheet. The mathematical expression of the photocurrent is written with the equation [7, 8] : 
III. PV MODULE MATHEMATICAL MODEL
In order to generate the required output current and output voltage levels the PV cells are connected in series and parallel configurations forming a PV module. When a number of N s solar cells are connected in series to build up a module the relationship (1) changes as follows [13] : 
The above equation represents the mathematical model of the PV module shown below in figure 2.
Fig. 2. PV module equivalent circuit
However, there the main drawback is that the equation (7) cannot be solved by using analytical methods. To overcome this bottleneck some authors uses the numerical NewtonRapson's method [8] , others emphasize the solution using the approximation based on the Taylor series [7] . This last solution ensures easier and faster calculation with acceptable tolerance of precision. The basic idea of the method is relatively simple. Any continuous function with the form of f(x)=e x can be approximated with a Taylor series like: ∑ (8) Therefore, if the first order approximation is considered for the above function results that: (9) Toward, assuming that R p =∞ and replacing a=q/N s nkT, the relationship (7) simplifies as follow:
By using the approximation (11) results:
from where (13) The equation (13) expresses the I-U output characteristics of the PV module from figure 2.
IV. THE MAXIMAL POWER POINT TRACKING ALGORITHM
As it is well known, a typical PV module converts only less than half of incident solar irradiation into electrical energy. In order to improve the efficiency of this energy conversion process basically two main procedures are available. The first refers to a solution relying on a mechanical tracking system suitable to orienting the PV module in such a direction as to receive the maximal solar radiation intensity in each moment. Of course, this solution looks feasible only in case when the captured additional energy amount is significantly higher than the energy quantity spent for the mechanical tracking system operation. The second one is to use the Maximum Power Point Tracking (MPPT) technique on the P-U output characteristics of the solar panel. In international references a great amount of high quality solutions have been proposed to implement this method [6, 7, 8, 10] . In fact, this procedure means the electrical tracking of the maximum power point, by continuously changing the equivalent load impedance to become equal with the source electrical circuit output impedance (Thevenin's theorem). However, the basic idea of these solutions is provided by mathematics, expressing that a continuous function y=f(t) reaches its maximum when dy/dt=0. In this particular case, the output power P becomes maximal when dP/dU=0. Among these MPPT algorithms perhaps one of the most used is the incremental conductance method. The operation principle of this solution is shown in figure 3 [7, 10] . The mathematical description of the incremental conduction method is as follow: (14) When dP/dU=0 it is reached the MPP, therefore:
Left of MPP dP/dU>0 and , respectively right of MPP dP/dU<0 and . Obviously, it is not difficult to observe that the method utilizes the concept of "hill climbing", in which the slope of the P-U characteristics is zero at the maximum power point, positive at the left side and negative at the right side of the shape. The corresponding algorithm implementing the above ranked mathematical relationships is expressed in figure 4 . In international references also it is mentioned that the incremental conductance method it is considered the most advantageous among the MPPT algorithms because it is easy to implement, is efficient with high execution speed, and it can identify and calculate the exact perturbation direction for the output voltage of PV panels [7] . This product has the manufacturer catalogue datasheet given next in Table 1 . Of course, these plots are strongly influenced by the external conditions such as the ambient temperature T A , or solar radiation intensity G. However, as it is possible to observe, the obtained results are in a good agreement with the manufacturer's provided catalogue datasheets validating the mathematical model and the LabView simulation virtual instrument. A piece of this toolkit is printed in figure 8 . Of course there also should be mentioned that the entire simulation toolkit is still under a full development process. More accurate results set plotted under a wide range of changing environmental conditions, as well as the MPPT strategy implementation, will be provided once software implementation process turns to end.
VI. CONCLUSIONS
The paper presents a LabView-based toolkit development processes aimed to modeling and simulate solar PV modules operation under various environmental conditions. Such a software instrument looks well suited to study and evaluate energy efficiency conversion processes in PV modules.
The first simulation results plots the I-U and P-U diagrams under different operation conditions. These curves cover the experimental ones, being in good agreement with the manufacturer's catalogue data. Future developments will be concerned to obtain more accurate results and to improve the simulation software global performances and facilities.
